An operational 72-hour global wave forecast is made at the Fleet Numerical Oceanography Cent~r, but because of the inaccuracy and scarceness of suitable wave observations, the wave forecast remams uninitialized by any observations. Present model performance is given here so we can learn what degree of improvement might be expected should directional wave spectral observations from satellites become available.
INTRODUCTION
Knowledge of the sea state is very important to naval operations and maritime activities. A forecast of surfacewave conditions at sea aids ship routing, allowing measurable reduction of fuel costs, and can help to lessen or entirely eliminate costly damage to ship structures caused by wave action.
At the Fleet Numerical Oceanography Center (FNOC), the numer~cal mo?eling of waves began lin t~e mid-1960s by applymg a Smgular Wave Model. ThIs model was replaced in the mid-1970s by the northern hemisphere Spectral Ocean Wave Model (SOWM).2 In June 1985, the SOWM was succeeded by the Global Spectral Ocean Wave Model (GSOWM), which is the world's first (and only) operational global wave model. Because of its global coverage, it was able to provide a 72-hour wave forecast off the southern tip of Chile for the SIR-B experiment.
Only a brief synopsis of the physics in GSOWM is given here; Pierson 3 provides a much more detailed ac; count. The wave growth mechanism, that of Inoue, modifies and combines the Miles 5 instability mechanism with the Phillips 6 resonance theory. Thus, GSOWM does not incorporate the more recent developments in wave theory, such as spectral overshoot and nonlinear wave-wave interactions. The growth equations predict the evolution of the one-dimensional ~pec~rum rather than of the directional spectrum. The dIrectIOnal spectrum is inferred by spreading the resulting wave energy for wind sea over the directional bins of the model as the fourth power of the cosine of the angle between Liana F. Zambresky is a visiting scientist at the European Centre for Medium Range Weather Forecasting, Reading, England. At the time of this research , she was with the Fleet Numerical Oceanography Center, Monterey, CA. the spectral component and the wind. Wave energy is dissipated for spectral components traveling against the wind by an empirical function of energy, frequency, and angle relative to the wind. No dissipation occurs for spectral components that are unopposed by the wind. Finally, wave energy is propagated along great-circle paths at the group velocity of each spectral component.
Much about the modeling of waves in GSOWM is the same as that in SOWM. However, there are four important differences: first, GSOWM has twice the angular resolution of SOWM, resolving 24 directions instead of 12; second, GSOWM uses an entirely different grida 2.5 degree spherical grid instead of the icosahedral gnomonic grid used by SOWM-and thus the average spacing between grid points is smaller for GSOWM than for SOWM; third, GSOWM has an improved energy-conserving propagation scheme; and fourth, GSOWM is global, allowing waves to propagate across the equator.
When GSOWM replaced SOWM, the wind model that provides the winds to the wave model was also replaced. The performance of the new wind model is significantly better, but it clouds the issue of how much GSOWM is improved over SOWM because the performance of the improved wind model improves the performance of the wave model. Clancy et al. 7 give more details about recent improvements in the wind model. GSOWM is not initialized by observations; it provides its own initial conditions by integrating the spectral history file from the prior wave analysis forward in tim~. The directional wave spectrum modeled by GSOWM IS rarely observed by any measurement system, is not sufficiently abundant, and is not available in near real time for model initialization. Although FNOC has been modeling the directional wave spectrum operationally since 1974, the difficulty of observing the spectrum has prohibited its verification completely until the SIR-B experiment in October 1984 (see the article by Beal elsewhere in this issue). Even then, the spectrum was observed for only five days. However, the results are promising. The remote sensing of the two-dimensional spec-trum with the synthetic aperture radar and/ or the Radar Ocean Wave Spectrometer (see the Jackson articles, thi issue) may be the most practical and cost-effective approach to providing global validation of wave model PERFORMANCE OF MODELS Figure 1 is an example of a GSOWM wave chart for October 10, 1984, during the SIR-B experiment. Northwest of the experiment site (55.5°S, 82.5°W), GSOWM shows an eastward-traveling wa e system, with a maximum significant wave height H I/3 of 24 feet and a primary period of 14 seconds.
Figures 2a-d show the type of verification that is performed monthly at FNOC for the surface wind and wave models. The moored buoys from the NOAA Data Buoy Center (NDBC) are used to provide observation of the frequency spectrum, significant wave height, and wind speed. The I-sigma error level of the buoy-reported significant wave height is 0.5 meter. The colored lines are least-squares regression lines. The plots are for buoys located in the Gulf of Alaska (46001, 46002, 46003, 46004, 46(06) and off the Hawaiian Island (51001, 51002, 51003, 51004). The time period i for March 1985. Figure 2a shows the SOWM winds to be scattered and biased high. The errors are significant. The slope of the least-squares fit is 0.41 while the intercept is 7.03 meters per second. The root-mean-square error (rm ) is 4.23 meters per second. Figure 2b hows the GSOWM winds to be improved over SOWM, though they are still far from perfect. Both the scatter and the po itive bias are reduced. The slope of the least-squares fit is 0.72 while the intercept is 3.11 meters per second. The rms error is 2.62 meters per second. The reader should note that the wind ob ervation 
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made by the buo i for only 8 minutes, while the F OC-modeled wind i a eraged 0 er 3 hours. This compari on of an 8-rninute ob ervation to a 3-hour average is not entirely ju tified and is a source of some of the catter e ident in Fig. 2a and 2b . Figure 2c how the ignificant wave height (HI /3) erified again t the OAA buoys. The SOWM waves are scattered and bia ed high, e idencing a direct correlation with the ame problem in the modeled winds. (Here we ha e a good example of how errors in modeled wind introduce error in modeled waves.) The slope of the lea t-square fit line i 0.77 while the intercept is 1. 73 meters. The rm error i 1.43 meters. Figure 2d hows GSOWM to be an impro ement, with less scatter and a lower bia . The lope of the lea t-squares fit line i 0.89 while the intercept i 0.66 meter. The rms error is 0.90 meter. Figure 3 ho a ariet of time series at one buoy location (that of buoy 46002, off the coast of Oregon) during 0 ember 1985. Modeled HI /3 ' wind speed, and wind direction are plotted every 12 hours and are identified by bo es. The buoy ob ervation of the same parameter are identified b circle. The time erie at the bottom of the figure i the buo -ob erved air-ea temperature difference. The negati e alue occurring during mo t of the month indicate that the boundary la er was largely un table in 0 ember. The rm error in the winds wa 2.52 meter per econd and the rms error in the wa e was 0.71 meter. It hould be noted that the error are mall enough to be about equal to the accuracy of the buo ob er ation . Taken a a whole, the time erie how that when the wind are accurately modeled, the numerical modeling of waves without any initialization through ob ervation can also be quite good.
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Unfortunately, the winds are not always very good. In January 1986, the time series (not shown) for buoy 46002 reveals that the FNOC winds are often biased too high. The rms error in the winds for that month was nearly twice that for November, at 4.73 meters per second. As a result, the error in the GSOWM HI ! 3 was also nearly twice as high at 1.85 meters.
SHIP OBSERVATIONS
The most abundant observations of waves are made from ships. However, the accuracy and usefulness of these observations seem always to be a matter of debate. For example, in 1985 a study was made in which the observations of waves from ships were verified against the NDBC buoys and the North Atlantic Ocean stations (C7C, C7L, and C7R). To qualify, a ship needed to pass within 1 degree of latitude and longitude of a buoy and to report during the same hour as the buoy. The total number of reports obtained in this manner was 1030. The buoys used were 51001-51004,46001,46003-46006, 41001,41002,41006,44004, and 44008. As with the prior verification of the FNOC models, the ship-reported HI ! 3 was regressed against the buoy H I ! 3 ' The results are presented in Table 1 .
In general, the ship observations showed a significant amount of scatter and were biased slightly high at about 0.5 meter. For the identical buoy observations, the same type of analysis was done for GSOWM, which is not initialized by any observations. As Table 1 shows, every statistic is better for GSOWM than for the ship reports. Therefore, the performance of GSOWM can- A careful study of wave observations from ships in the southern hemisphere was made by Laing. 8 In spite of our having a better controlled data set, his results are strikingly similar to those presented here. For a period of 20 months, 2138 useable data pairs were obtained from a vessel servicing a production platform in the South Taranaki Bight (west of New Zealand). The ship observations were made within 33 kilometers of the platform. The measured H lI3 came from a Waverider buoy. The linear regression of the ship reports on the measured values gave HI ! 3 (ship) = 1.17 H lI3 (buoy) + 0.60. The rms error was 1.3 meters.
CONCLUSIONS
GSOWM demonstrates a useful level of skill in its ability to forecast waves. However, the performance of GSOWM could be improved through better knowledge of winds. The performance of wave models is clearly limited by the accuracy of the winds that drive them. Winds seem to be more difficult to model than wave . The observation of global wind fields in the early 1990s by the European Earth Resources Satellite should improve the quality of the winds, thereby improving the performance of numerical wave forecasting. It is not yet known how good the numerical modeling of waves can be if the wind fields are accurate.
Although GSOWM became operational only recently, it does not include the more recent de elopments in wind-wave theory such as spectral overshoot and nonlinear wave-wave interactions. A time lag exists between the development of theory and its implementation operationally. It is not yet established what degree of improvement can be expected from these more recent ideas.
Methods to achieve more accurate forecasting of spectral ocean waves look very promising. The theory of the evolution of the directional wave spectrum has progressed well over the years in spite of an almost total absence of observations. A clear need exists to obser e 36 the e pectra in order to erif and initialize ocean-wave model and to increa e our under tanding of the pectral e olution.
